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Improved photovoltaic effects in InGaN-based multiple quantum well solar cell with graphene on indium tin oxide nanodot nodes for transparent and current spreading electrode We implemented graphene network on indium tin oxide (ITO) nanodots to a transparent and current-spreading electrode in InGaN-based solar cell to improve power conversion efficiency. The external quantum efficiency and short circuit current density (Jsc) of solar cells with graphene network on ITO nanodots were enhanced compared to those of solar cells with ITO and bare graphene film. The increase of the power conversion efficiency is attributed to the high transmittance, internal light-scattering effect, and effective carrier absorption of ITO nanodots. InGaN materials have recently drawn intensive research interest for solar cell application due to their tunable band gap energy range of 0.7 to 3.4 eV, which is applicable to the entire functional range of the solar spectrum.
1,2 InGaN alloys have the advantages of high absorption coefficient, high carrier mobility, high drift velocity as well as high temperature, and radiation resistance, which will all contribute to the realization of highly efficient solar cell. 3 However, the reported power conversion efficiency of the InGaN-based solar cell is still limited by several factors including high resistivity of p-GaN due to doping difficulty, the lattice mismatch between InN and GaN, impurity incorporation induced by the low temperature growth, related defects, etc. 4, 5 In particular, high resistivity and low mobility of p-GaN led to the decrease of the extraction of separated charge carriers from InGaN absorption regions to metal electrodes under illumination. This necessitates the formation of low resistance and transparent ohmic contact to the highly resistive p-GaN layer. To date, various metallization schemes have been extensively investigated to form low-resistance ohmic contacts to p-GaN. 6, 7 Of particular interest has been the indium tin oxide (ITO) layer, which has been widely used as transparent conducting electrode for InGaN-based solar cells and light emitting diodes due to comparatively low contact resistance and high optical transparency. Nevertheless, there is inevitable obstacle limiting its utilization at high efficient solar cell, such as soaring prices due to indium scarcity, poor transparency in near ultraviolet (UV) and infrared region, and a sensitivity to acidic and base chemical sources. 8 Therefore, an alternative transparent electrode is required with both optical and electrical performances similar to or better than those of ITO but without having its drawbacks for efficiency and improved performance.
Graphene, an ultra-thin two-dimensional sheet of covalently bonded hexagonal carbon atoms, has been attracting much attention due to its outstanding physical properties, such as quantum electronic transport, extremely high intrinsic mobility, thermal conductivity, high elasticity, and high optical transmittance. [9] [10] [11] [12] [13] The merit with its superb optical transmittance and good electrical conductivity has drawn attention for applications, such as a transparent conducting electrode material in solar cells and light emitting diodes, among many other potential applications.
Recently, Shim et al. 8 introduced graphene film as a current spreading electrode for the InGaN-based solar cell. Despite its strong potential as a transparent conductor, InGaN-based solar cell with graphene electrode show similar performance compared to those of InGaN-based solar cell with ITO layer due to its relatively low work function and high sheet resistance compared to that of ITO. The low work function of graphene restrict the hole extraction to the p-electrode because of the high Schottky barrier height at the interface of graphene and p-GaN layer.
In this work, we introduce a combination of ITO nanodots and graphene layer for a transparent and current spreading electrode (TCSE) of InGaN-based solar cell devices. ITO nanodots on the p-GaN layer act as the charge carrier extraction nodes as well as a nano-textured structure, and the graphene layer acts as an ultra-thin transparent conducting network, connecting ITO nanodot nodes.
The InGaN-based solar cell structures were grown on sapphire substrate by metal-organic chemical vapor deposition (CVD). The solar cell template is mainly consisted of a Si-doped n-type GaN layer, seven-pairs of In 0.15 Ga 0.85 N/GaN multi-quantum wells (MQWs), and a 100-nm-thick Mg-doped p-type GaN layer. After the growth of a 20-nmthick GaN nucleation layer at 560 C on sapphire substrate, a 2-lm-thick undoped GaN epilayer and a 2-lm-thick Si-doped a)
Author to whom correspondence should be addressed. E-mail: eksuh@ jbnu.ac.kr. Tel.: þ82-63-270-3606. , respectively. The discrete InGaN-based solar cell device was fabricated with a chip size of 350 Â 350 lm 2 in which the mesa region was defined by an inductively coupled plasma (ICP) etcher using Cl 2 and BCl 3 gases until n-GaN layer was exposed for n-electrode contact. ITO nanodots were formed on the p-GaN surface of solar cell wafer as described elsewhere. 14, 15 Large scale graphene layers were synthesized on $70 lm thick Cu-foil by chemical vapor deposition method. Details can be found in Ref. 16 . In order to make electrode, CVD-grown graphene films were transferred twice onto the solar cell epilayers pre-patterned with ITO nanodots. Thereafter, the sample was annealed under a H 2 /Ar gas mixture for 30 min at 500 C to prevent the oxidation of InGaN-based solar cell device and to remove the poly methyl methacrylate (PMMA). Then, graphene films were patterned by an ICP etcher using oxygen plasma. Finally, Cr (50 nm)/Au (250 nm) metals for the p-as well as the n-electrodes were deposited onto both the graphene films on ITO nanodots and the n-GaN layer using electron beam evaporator. A schematic diagram of fabricated device with graphene network on ITO nanodot nodes as a TCSE are shown in Fig. 1 .
Figures 2(a) and 2(b) show scanning electron microscopy (SEM) images of ITO nano dots and graphene network on ITO nanodots, respectively, on p-GaN layer in a solar cell structure. The average diameter of ITO nano-dot and the distribution density in optimum condition are about 150 nm and 9.7 Â 10 9 cm
À2
, respectively, as shown in Figs. 2(a) and 2(b). SEM image of graphene network on ITO nanodots reveals that graphene was deposited on ITO nanodots.
In order to confirm the formation of graphene on ITO nanodots on the surface of solar cell wafer, we took micro Raman spectra of ITO nanodots and graphene network on ITO nanodot nodes on p-GaN epilayer in a solar cell structure, as shown in Fig. 2(c) . Two major peaks associated with the E 2 (high) and A 1 (LO) modes of GaN layer are observed in the z(x.u)z configuration. In addition, three prominent peaks in the Raman spectrum of graphene network on ITO nanodot nodes were observed: G-band associated with phonons of the doubly degenerated zone center E 2g mode at the C point, 2D band involving two phonons with opposite momentum in the highest optical branch near the K point of Brillouin zone, i.e., A 1 0 symmetry at K, 17 and D band located around 1360 cm À1 , which is related to levels of defects, local disordered carbon, wrinkles, or edges in graphene film. Raman spectra show a feature similar to that of monolayer graphene, i.e., 2D to G intensity ratio greater than 1 and symmetric 2D band with a full width at half maximum of 40 cm
À1
. Figure 3 shows the transmittance spectra of bare graphene, graphene on ITO nanodots, and 200-nm-thick ITO layer as a function of wavelength on the glass substrate. The transmittance of bare graphene film and graphene on ITO nanodots were found to be 92% and 90% at the wavelength of 450 nm, whereas that of ITO is approximately 81%. Unlike the ITO film that only showed reasonable transmittance for wavelengths of 400 to 800 nm, the bare graphene film and graphene network on ITO nanodots revealed good transmittance throughout the entire wavelength range investigated including near UV region. The loss in optical transmittance of graphene film on ITO nanodots was about 2% compared to that of bare graphene, due to ITO nanodots acting as a scattering center and absorption for the light. 
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ITO nanodots, respectively, under AM 1.5G irradiation by a solar simulator with an irradiation intensity of 100 mW/cm 2 . The best performance was attained for InGaN-based solar cells with graphene network on ITO nanodots as TCSE. Specifically, the optimal parameters obtained for the InGaNbased solar cells with graphene film on ITO nano dot nodes were the short circuit current densities (J sc ) of 0.75 mA/cm 2 , the open circuit voltage (V oc ) of 2.1 V, a fill factor (FF) of 56.9, and conversion efficiency of 0.90%, for our small chip size. The value of conversion efficiency was higher than those of the InGaN-based solar cells with bare graphene and planar ITO layer owing to the increases in J sc . Although the graphene network on ITO nanodots have lower optical transmittance compared with bare graphene film, the J sc of solar cells with graphene network on ITO nanodots appears to be better due to the efficient light absorption, coming from the internal light-scattering by ITO nanodots. The performance parameters of fabricated devices are summarized in Table I .
The external quantum efficiency (EQE) curves of the InGaN-based MQWs solar cell incorporated with various TCSEs are shown in Fig. 4(b) . The peak values of EQE were found to be 25.1%, 30.8%, and 24.7% for the solar cell of current spreading electrodes with bare graphene film, graphene film on ITO nanodot nodes, and conventional ITO layer, respectively. Even though the graphene film has higher the optical transmittance compared with ITO, the peak of the EQE for solar cell with bare graphene was close to the conventional solar cell with planar ITO conducting layer, in agreement with results presented by Shim et al. 8 This can be attributed to the decrease of separated charge carriers extraction from InGaN absorption regions to p-electrodes under illumination due to the high sheet resistance and work function difference between p-GaN and the graphene film. However, the peak value of EQE for solar cell with graphene network on ITO nanodot nodes was higher than that of the solar cell with planar ITO conducting layer. It can be ascribed to benefits of graphene network on ITO nanodots by high transmittance, the small area of ohmic contact, 15 ,18 the internal-scattering effect, and effective carrier extraction of ITO nanodots. The graphene network on ITO nanodots as a TCSE can provide efficient absorption pathways of carriers for ITO nanodot nodes, which then deliver carriers to the p-electrode through the graphene layer. The ITO nanodots on the p-GaN layer act as the separated hole extraction source and the graphene layer acts as lateral diffusion pathways of harvested carriers, bridging ITO nanodot nodes. That is, the separated holes from InGaN active layer are migrated through ITO nanodot nodes, which are then spread over the graphene layer to be collected by the p-electrode. Also, the ITO nanodots are excellent internal light-scattering and antireflection coating effect centers for light-harvesting path, increasing the optical path length within the device and coupling incident light into guided modes that propagate through the active region, thereby increasing absorption and photocurrent. The reduction of the optical loss is an important factor for obtaining high-EQE solar cells. As a result, the EQE and the power conversion efficiency of InGaN-based solar cells with graphene network on ITO nanodot nodes are well improved.
In conclusion, we applied graphene network on ITO nanodot nodes as transparent and current-spreading electrode of InGaN-based MQW solar cells to improve conversion efficiency and compared the results of those with ITO and bare graphene film. The overall performance of the solar cell showed that graphene network on ITO nanodot can be used for transparent and current spreading electrodes in InGaNbased solar cell devices.
